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Spintronic applications, which rely on spin torques for operation, would greatly benefit from a non-collinear
alignment between magnetizations of adjacent ferromagnetic layers for maximum performance and reliability.
We demonstrate that such an alignment can be created and controlled by coupling two ferromagnetic layers
across magnetic coupling layers. These coupling layers consist of a non-magnetic material, Ru, alloyed with
ferromagnetic elements of Co or Fe. Changing the composition and thickness of the coupling layer enables
control of the relative angle between the magnetizations of ferromagnetic layers between 0◦ and 180◦. The
onset of the non-collinear alignment between ferromagnetic layers coincide with the advent of magnetic order
in the coupling layer. This study will map the range of concentrations and thicknesses of RuCo and RuFe
coupling layers that give rise to non-collinearity between Co layers.
Spintronic based applications emerged and have
been under heavy investigation since the early 2000’s
as giant/tunneling magnetoresistance (GMR/TMR)
effects1,2,3 combined with spin transfer torque (STT)4
enabled both the detection and manipulation of magnetic
moment orientation with an electrical current. Two spin-
tronic devices important for the advancement of electron-
ics industry are spin transfer torque magnetic random
access memory (STT-MRAM)5 and spin torque nano-
oscillator (STNO) devices6,7. In these devices the mag-
nitude of STT is represented by the double cross product
M1×(M1×M2)4, where M1 and M2 are the unit vectors
of the magnetic moments of adjacent magnetic layers.
When the magnetic moments M1 and M2 have collinear
alignment the STT is zero. This has created a prob-
lem for the performance and reliability of STT devices as
thermal fluctuations or external magnetic fields are relied
upon to provide a non-collinear alignment between M1
and M2. For this reason a non-collinear alignment of the
magnetic moments in neighboring ferromagnetic layers is
desired for the optimal performance of these devices8,9,10.
The discovery of interlayer exchange coupling in 198611
allowed for the first time, control of antiferromagnetic
coupling between two ferromagnetic films. The coupling
was observed across the majority of 3d, 4d, and 5d non-
magnetic metallic spacer layers11,12,13. The interlayer ex-
change coupling was found to oscillate between antifer-
romagnetic (θ = 180◦) and ferromagnetic (θ = 0◦) states
as a function of the non-magnetic spacer layer thickness,
where θ is the angle between the magnetic moments of
the ferromagnetic layers. Unfortunately, the transition
from antiferromagnetic to ferromagnetic alignment oc-
curs within a very narrow spacer layer thickness range
which prevented the control of θ between 0◦ and 180◦.
This article presents novel coupling materials which al-
low for non-collinear coupling between two ferromagnetic
layers. Furthermore, it was found that by varying the
a)Electronic mail: znunn@sfu.ca
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coupling layer thickness and/or composition, precise con-
trol of the non-collinear coupling angle and the coupling
strength can be achieved. The coupling layer consists of
a non-magnetic material, which on its own can provide
antiferromagnetic coupling between ferromagnetic layers,
alloyed with ferromagnetic elements with a composition
close to the non-magnetic/magnetic transition concentra-
tion of the alloy.
The non-magnetic material, Ru, is sandwiched be-
tween Co magnetic layers and alloyed with magnetic
elements of Co and Fe to create Co|RuCo|Co and
Co|RuFe|Co structures. RuCo and RuFe coupling layers
are good candidates for this study as Co and Fe form solid
solutions with Ru over a large composition range14,15.
It is the competition between the antiferromagnetic cou-
pling through Ru and the ferromagnetic coupling through
Co or Fe that results in non-collinear coupling. To date,
paramagnetic and antiferromagnetic materials have been
used to achieve coupling between ferromagnetic layers.
The coupling materials presented in this work can have a
magnetic moment larger than that of ferromagnetic Ni.
It will be shown that non-collinear coupling exists in a
wide composition range of RuCo and RuFe, and that the
angle between Co layers can be precisely controlled by
the composition and thickness of the coupling layer.
I. NON-COLLINEAR COUPLING THICKNESS AND
COMPOSITION DEPENDENCE
This section presents one of the main results of
this article, controllability of the non-collinear coupling
strength and angle. Two structures were investigated.
First, Co(2 nm)|Ru100−xCox(d)|Co(2 nm) with the bilin-
ear (JCo1 ) and biquadratic (J
Co
2 ) coupling strengths and
coupling angle (θCo) presented in Fig.1 (a), (b) and (c),
respectively. The thickness of the coupling layer is 0.4 ≤
d ≤ 1.4 nm and the Co concentration of 37 ≤ x ≤ 61
at.%. Second, Co(2 nm)|Ru100−xFex(d)|Co(2 nm) with
JFe1 , J
Fe
2 and θ
Fe displayed in Fig.1 (d), (e) and (f) with
coupling layer thickness 0.4 ≤ d ≤ 1.4 nm and Fe con-
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FIG. 1. (left) (a) JCo1 , (b) J
Co
2 , and (c) θ
Co of Co(2 nm)|Ru100−xCox(d)|Co(2 nm) for 0.4 ≤ d ≤ 1.4 nm and 37 ≤ x ≤ 61 at.%
at 298 K. (right) (d) JFe1 , (e) J
Fe
2 , and f) θ
Fe of Co(2 nm)|Ru100−xFex(d)|Co(2 nm) for 0.4 ≤ d ≤ 1.4 nm and 62 ≤ x ≤ 80 at.%
at 298 K. A broad grey 1/d2 dependence, and J1 and J2 coupling data of Co(2 nm)|Ru(d)|Co(2 nm) are added for comparison
in (a) and (b). J1, J2, and θ data for coupling of Co layers across Ru100−xCox x < 37 and Ru100−xFex x < 62 have been
omitted as non-collinear coupling was not observed for 0.4 ≤ d ≤ 1.4 nm.
centration of 62 ≤ x ≤ 80 at.%.
For the readers convenience the phenomenological de-
scription of non-collinear coupling is reviewed; the angle
between magnetic moments of two ferromagnetic layers
is between 0◦ and 180◦. The coupling energy, which de-
termines the relative orientation between ferromagnetic
moments, can be described as the superposition of J1
and J2 coupling terms in Ecoupling = J1cos(θ)+J2cos
2(θ),
where θ is the angle between magnetic moments of ferro-
magnetic layers16. The bilinear term favours a collinear
alignment. In this model J1 < 0 is defined as ferro-
magnetic (0◦) and J1 > 0 is antiferromagnetic (180◦)
alignment. The biquadratic term favours an orthogonal
alignment (90◦) when J2 is positive, as observed in all
presented measurements. Non-collinear coupling occurs
when J2 > |J1|/2. The values of J1, J2 and θ are deter-
mined by fitting the magnetization, M , as a function of
field, H, of the coupled structure17, as described in the
methods section.
As shown in Fig.1 the bilinear coupling strength and
coupling angle of Co|Ru(d)|Co, for 0.4 ≤ d ≤ 1.02, fol-
lows the expected thickness dependence18, while the bi-
quadratic coupling strength is small. With the introduc-
tion of Co into the Ru coupling layer, a loss of the oscil-
latory dependence of JCo1 with d is observed, and little to
no change of JCo2 . However, at some critical concentra-
tion of Co, JCo2 shows a rapid increase which coincides
with the onset on non-collinear coupling, see Fig. 1 (b)
and (c). This occurs when the condition for non-collinear
coupling is met, J2 > |J1|/2. For large concentrations of
Co, x ≥ 55, JCo1 crosses into the ferromagnetic region
while JCo2 approaches a 1/d
2 dependence, see grey line in
Fig.1 (b). The smooth non-oscillatory thickness depen-
dence of JCo1 shown in Fig.1 (a) could be due to the su-
perexchange background predicted for an insulating19,20
and metallic21,22,23 coupling layers.
3In order to understand the previous results, identical
measurements were performed for a RuFe coupling layer
were JFe1 , J
Fe
2 and θ
Fe are shown in Fig 1 (d), (e), and
(f), respectively. In contrast to JCo1 , J
Fe
1 does not show
a reduction of oscillations when Fe is introduced into
Ru. This suggests that the reduction of oscillations of
JCo1 could be due to a decrease of the Co gradient at
the Co|RuCo interface. Adding Fe to Ru does not effect
the Co gradient at the Co|RuFe interface, and similarly
to JCo2 , J
Fe
2 monotonically decreases with d. Addition-
ally, it is clear that the coupling strength of both the
bilinear and biquadradic terms are material dependent
since JCo1 < J
Fe
1 and J
Co
2 < J
Fe
2 . The largest measured
value for orthogonal coupling is JFe2 = 3.4 mJ/m
2 for
Co|Ru22Fe78(0.48 nm)|Co. This is over twice as large as
any J2 value previously reported
24.
The angle θCo, between magnetic moments of the Co
layers in Co|Ru100−xCox(d)|Co structures changes with
both d and x. Fig.1 (c) shows that for all RuCo com-
positions, θCo increases with d. The concentration of Co
across the coupling layer is expected to decrease from the
Co|RuCo interfaces to the center of the coupling layer due
to inter-diffusion, as experimentally verified for Co|Ru|Co
structures25. As a result, the average concentration of Co
in Ru100−xCox will scale with d, meaning a smaller d will
have a larger x. This in part is responsible for an increase
of θCo at higher d. Additionally, the reduced Co material
gradient may account for the reduction of the θ(d) slope
in Fig.1 (c).
The reader’s attention should now be turned to Fig.1
(f), in the thickness region of 0.5 ≤ d ≤ 0.8 nm. Within
this region the coupling angle remains constant with d,
for most of the RuFe alloys. However, varying the con-
centration allows for a control of the coupling angle be-
tween 180◦ and 90◦. From a fabrication point of view,
this is very important in order to utilize non-collinear
coupling in applications since small thickness errors do
not contribute to changes in coupling angle.
II. MAGNETIC PROPERTIES OF NON-COLLINEAR
COUPLING LAYERS
This section presents data on the magnetic proper-
ties of the coupling layer and relates them to the re-
gion of data for which non-collinear coupling occurs.
The data behind the main ideas of this section are
presented in Fig.2. In order to understand how non-
collinear coupling relates to the magnetic moment of
the coupling layer, three different samples were studied:
Co|Ru100−xCox(0.7 nm)|Co, Co|Ru100−xCox(1.4 nm)|Co
and a bulk Ru100−xCox(18 nm) without any adjacent
Co layers on either side. Fig.2 (a) and (b) show the
coupling angle and the saturation magnetization, Ms,
of Co|Ru100−xCox(0.7 nm)|Co, and Co|Ru100−xCox(1.4
nm)|Co. Fig.2 (c) compares the magnetic properties
of the Ru100−xCox(18 nm), to the extracted magnetic
properties of Ru100−xCox(0.7 nm) and Ru100−xCox(1.4
nm) from Fig.2 (b); see further discussion below.
In order to contrast how the magnetic species in-
fluence the magnetic properties of the coupling layer
the above was repeated substituting RuCo with RuFe
in Co|Ru100−xFex(0.7 nm)|Co and Co|Ru100−xFex(1.2
nm)|Co and Ru100−xFex(18 nm); see Fig.2 (d), (e), and
(f).
A monotonic increase in Ms is observed for all
Co|Ru100−xCox|Co and Co|Ru100−xFex|Co structures
with increasing concentration of Co or Fe, respectively;
see Fig.2 (b) and (e). For the Co|Ru100−xCox|Co struc-
ture, the Ms increases linearly with x for 0 ≤ x ≤ 44.
This linear increase of the Ms with x is represented by a
dotted line in Fig.2 (b) and can be seen more clearly in
Extended Fig.1. This can be explained by the increase
of Ms of the interface atoms of the Co layers
17. It has
been shown that in Co|Ru multilayers, Co atoms, at the
Ru interface have a reduced magnetic moment. Adding
Co to Ru is thus, expected to modify the electronic envi-
ronment of the ferromagnetic Co layer’s interface atoms,
and increase their magnetization. For x > 44 the Ms of
Co|Ru100−xCox(d)|Co starts to sharply increase with x
and deviate from the dotted line. This sharp increase is
attributed to the onset of a magnetic order of the RuCo
coupling layer. Evidence of this can be observed from
the data in Fig.2 (c), which compares the magnetic mo-
ment of Ru100−xCox(18 nm) to Ru100−xCox(0.7 nm) and
Ru100−xCox(1.4 nm). It can be observed that the on-
set of magnetic order for the Ru100−xCox(1.4 nm) and
Ru100−xCox(18 nm) occurs at the same Co concentra-
tion, x = 60. The magnetic moment of Ru100−xCox(0.7
nm) and Ru100−xCox(1.4 nm) is extracted from Fig.2
(b) by subtracting the sharp increase in Ms from the
linear background and normalizing by the thickness of
the coupling layer with respect to the total thickness of
Co|Ru100−xCox(d)|Co. It is important to identify that
for Co|Ru100−xCox(1.4 nm)|Co the non-collinear cou-
pling and magnetic order occur in the same concentra-
tion range, 60 < x < 66. However, for a thinner cou-
pling layer, Co|Ru100−xCox(0.7 nm)|Co, both the non-
collinear coupling region and the region of magnetic or-
der broadens and shifts to lower concentrations. This is
attributed to inter-diffusion of Co, resulting in thinner
Ru100−xCox having higher x. In addition, the magnetic
proximity effect could be polarizing the entire coupling
layer below a certain thickness d, which could also be
responsible for the observed broadening and shift of the
non-collinear coupling region. From the Ms dependance
on x of Ru100−xCox(18 nm) performed at 10 and 298 K
in Fig.2 (c), it is evident that Ru100−xCox exhibit su-
perparamagnetic behaviour for 44 < x < 60. This could
explain the different magnitude of Ms values when com-
paring the extracted values to that measured from the
bulk as proximity effects may be polarizing the coupling
layers with a greater intensity then at which the bulk was
measured (> 7 T).
The measurements of the θ and Ms of
Co|Ru100−xFex(0.7 nm)|Co and Co|Ru100−xFex(1.2
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FIG. 2. (a) θCo, and (b) Ms of Co(2 nm)|Ru100−xCox(0.7 nm)|Co(2 nm) and Co(2 nm)|Ru100−xCox(1.4 nm)|Co(2 nm) at 298
K. (c) The extracted Ms of Ru100−xCox(0.7 nm) and Ru100−xCox(1.4 nm) at 298 K and measured Ms of Ru100−xCox(18 nm) at
10 K and 298 K. (d) θFe, and (e) Ms of Co(2 nm)|Ru100−xFex(0.7 nm)|Co(2 nm) and Co(2 nm)|Ru100−xFex(1.2 nm)|Co(2 nm)
at 298 K. (f) The extracted Ms of Ru100−xFex(0.7 nm) and Ru100−xFex(1.2 nm) at 298 K and measured Ms of Ru100−xFex(18
nm) at 10 K and 298 K. In (c) two Ms scales correspond to Ru100−xCox(0.7 nm) and Ru100−xCox(1.4 nm) extracted (left),
and Ru100−xCox(18 nm) (right). Data extending to x = 0 not shown in (b) and (c) are in Extended Fig.1.
nm)|Co as a function of x are shown in Fig.2 (d),
and (e). The Extended Fig.1 shows that the Ms
of Co|Ru100−xFex(d)|Co has an increase of Ms for
0 < x ≤ 36 and is constant for 36 < x < 65. Similarly
to the linear increase in Ms of the RuCo coupling layer,
the increase of Ms is not associated with the RuFe
layer, but is related to the CoFe atoms at the Co|RuFe
interfaces17. With further increase in x a second sharp
increase in Ms occurs which coincides with the onset of
the non-collinear coupling, Fig.2 (d). Similarly to RuCo,
this Ms increase relates to the onset of a magnetic order
of the RuFe coupling layer, as observed by comparing
the Ms of Ru100−xFex(1.2 nm) to Ru100−xFex(18 nm);
see Fig.2 (f). Furthermore, the magnitude of Ms for
Ru100−xFex(1.2 nm) and Ru100−xFex(18 nm) coincide
over the full concentration range. Once again, it is
observed that non-collinear coupling and magnetic
order for the Co|Ru100−xFex(1.2 nm)|Co occur in the
same concentration range, 73 < x < 80. Lastly, for
Co|Ru100−xFex(0.7 nm)|Co a shift and broadening oc-
curs for the concentration range over which non-collinear
coupling and the magnetic ordering occurs. This can
be attributed to the proximity polarization effect and
possible inter-diffusion at Co|RuFe interfaces.
It is important to point out that these coupling layers
can have large Ms values. The orthogonal alignment (θ =
90◦) in Co|Ru42Co58(0.7 nm)|Co and Co|Ru22Fe78(0.7
nm)|Co was achieved across a coupling layer with Ms =
500, and 700 kA/m, respectively. These coupling layers
have larger Ms then that of ferromagnetic Ni, Ms = 488
kA/m26. This is the first demonstration of coupling oc-
curring across a magnetic material; only paramagnetic
and antiferromagnetic layers have been used to provide
interlayer exchange coupling.
III. NON-COLLINEAR COUPLING MECHANISM
Biquadratic coupling, J2, controls the non-collinear
alignment of magnetic layers. Thus, this section will give
a brief review of the known biquadratic coupling mech-
anisms and focus on the spatial fluctuation mechanism
as it could be responsible for the J2 in this article. J2
can originate from intrinsic and extrinsic sources27,28. In
the studied structures, the measured J2 always favours a
perpendicular alignment and has a strength comparable
to the bilinear coupling, suggesting an extrinsic source16.
Extrinsic sources of biquadratic coupling could be due to
uncorrelated film roughness16, pin-holes29, loose spins30
and spatial fluctuations31. First, film roughness, pin-
holes, and the loose spin mechanism will be briefly dis-
cussed followed by a more in-depth discussion of the spa-
5tial fluctuation mechanism as it best relates to the sam-
ples in this article.
In films with uncorrelated film roughness, the bi-
quadratic coupling contribution can be estimated from
a simple model that assumes one smooth ferromag-
netic/coupling layer interface and the other interface
with a corrugation described by a sinusoidally varying
function16. From atomic force microscopy, the root mean
square roughness of the samples in this article was deter-
mined to be ∼ 0.1 nm. From the exchange stiffness of
Co ferromagnetic layers17, 1.2×10−11 J/m, the estimated
upper limit of J2 = 0.15 mJ/m
2 could exist. This is an
order of magnitude smaller than the largest measured
JCo2 and J
Fe
2 ; see Fig.1. The loose spin model assumes
that the coupling layer contains magnetic atoms that are
in a paramagnetic state. As shown in Fig.2 the RuCo
and RuFe coupling layers have magnetic properties and
therefore cannot be described by this model. Fe and Co
are soluble over a large composition range in Ru, thus,
the existence of pin-holes in our films is not expected.
Microstructures of Co|Ru multilayers have been exten-
sively studied in both academia32 and industry33 and the
presence of pin-holes have not been reported.
The spatial fluctuation mechanism is based on an mag-
nitude change of the bilinear coupling term, J1, across
the films plane. These fluctuations are usually due to
a spatial variation of the coupling layer thickness34,35.
The competition between the coupling and stiffness en-
ergies leads to an orthogonal (90◦) alignment between
the magnetic moments. Following the theory proposed
by Slonczewski31 the strength of the biquadratic cou-
pling between two identical magnetic layers of thickness,
t, across a coupling layer can be determined from the
following relation,
J2 =
4(∆J1)
2L
pi3Aex
coth(pi
t
L
) (1)
where Aex is the exchange stiffness of the Co layers, and
∆J1 and L are the magnitude change and length of spa-
tial fluctuations of J1 across the films surface, respec-
tively.
The structures in this article can have spatial fluc-
tuations, ∆J1, originating from the randomness of the
distribution of magnetic atoms in RuCo and RuFe cou-
pling layers. As an example, this can be visualized in
Co|Ru25Fe75|Co where ferromagnetic Co layers are sepa-
rated by a two monolayer thick magnetic Ru25Fe75 cou-
pling layer. In this structure atoms in the Co layer
are randomly ferromagnetically coupled across a pair of
Fe atoms, antiferromagnetically coupled across a pair of
Ru atoms, or antiferromagnetically coupled across one
Ru and one Fe atom. Since the atoms in Ru25Fe75
are homogeneously distributed, it is expected that the
size of spatial fluctuations, L, is very small, approach-
ing atomic distances. From Eq.1, if L is less than the
magnetic layer thickness t, coth(pi tL ) = 1, and thus, J2
is independent on t. Fig.3 shows M(H) measurements
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FIG. 3. Solid circles represent M(H) measurements of
Co(t)|Ru25Fe75(0.6 nm)|Co(t), where t is 2 and 8 nm. Solid
lines are simulations of the M(H) data used to determine JFe1
and JFe2 as described in the methods section. Arrows illus-
trate the directions of the magnetic moments of the Co layers
in zero and large external magnetic fields.
of Co(t)|Ru25Fe75(0.6 nm)|Co(t) for two Co layer thick-
nesses t = 2 and 8 nm. It was found that both structures
have the same coupling strength of JFe1 = 1.65 mJ/m
2,
JFe2 = 1.45 mJ/m
2 and a zero magnetic field coupling
angle θFe = 118 ± 2◦ . Due to J2 being independent of
t, the spatial fluctuations, L, in Eq.1 must be less than
2 nm. This is promising for nanometer size devices as
2 nm is well below the current lithography process node
size used in the fabrication of spintronic devices.
IV. CONCLUSION
This article presented a systematic study of non-
collinear coupling of ferromagnetic Co layers across RuCo
and RuFe coupling layers. It was shown that the angle
between magnetic moments of ferromagnetic Co layers
can be controlled by varying the thickness and/or com-
position of the RuCo and RuFe layers. For optimal non-
collinear angle control, the concentration, x, and thick-
ness, d, ranges are 44 ≤ x ≤ 61 at.% and 0.4 ≤ d ≤ 1 nm
for Co|Ru100−xCox(d)|Co structures, and 68 ≤ x ≤ 82
at.% and 0.5 ≤ d ≤ 0.8 nm for Co|Ru100−xFex(d)|Co
structures. It was shown that non-collinear coupling is
correlated with a magnetic order of the coupling layer
with saturation magnetizations up to 700 kA/m for RuCo
and 1000 kA/m for RuFe. The non-collinear coupling
mechanism is interpreted to originate from bilinear cou-
pling spatial fluctuations. In addition to controlling rel-
ative magnetizations with a coupling layer, the strength
of coupling was found to be extremely large which will
allow for new non-collinear spintronic designs with mag-
netic moments tilted in respect to the film plane.
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7VI. EXTENDED FIGURE
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EXTENDED FIG. 1. Total saturation magnetiza-
tion, Ms, dependence on magnetic material concen-
tration x of four samples: Co(2 nm)|Ru100−xCox(0.7
nm)|Co(2 nm), Co(2 nm)|Ru100−xCox(1.4 nm)|Co(2
nm), Co(2 nm)|Ru100−xFex(0.7 nm)|Co(2 nm), and Co(2
nm)|Ru100−xFex(1.2 nm)|Co(2 nm).
VII. METHODS
Radio-frequency (rf) magnetron sputtering was used to
deposit Ta(3.5)|Ru(3.5)|Co(t)|Ru100−xCox(d)|Co(t)|Ru(3.5)
and Ta(3.5)|Ru(3.5)|Co(t)|Ru100−xFex(d)|Co(t)|Ru(3.5)
structures, and Ru100−xCox(18) and Ru100−xFex(18) single
films at room temperature on (100) Si substrates. In these
structures, x is the atomic concentration of Co or Fe in the
Ru coupling layer, and the numbers in parentheses indicate
the layer thicknesses in nm. The thickness, d, of RuCo and
RuFe coupling layers was varied from 0.4 to 1.4 nm and the
thickness, t, of Co was 2 and 8 nm. The Ta seed layer was
used to induce the
〈
0001
〉
growth orientation of Ru, Co,
Ru100−xCox and Ru100−xFex layers. The role of the top
Ru(3.5) is to protect Co layers from oxidation.
Sputter deposition was performed at an argon pressure be-
low 2 mTorr. The base pressure of the system was below
5×10−8 Torr. Before deposition, (100) Si substrates were
cleaned with the standard RCA SC-1 process.
A calibration of the growth rates was inferred from fitting
X-ray reflectivity measurements of single layers of each mate-
rial and alloy. X-ray diffraction measurements also showed
that full structures have strong texture along the
〈
0001
〉
crystallographic orientations with a c-axis full-width-at-half-
maximum distribution under 5◦. The single Ru100−xCox(18)
and Ru100−xFex(18) films grown on Si substrates have hcp
crystal structure and weak texture along
〈
0001
〉
crystal di-
rections.
To determine the bilinear, J1, and biquadratic, J2, coupling
constants, M(H) hysteresis curves were collected by SQUID
in up to a ±7 T magnetic field. The coupling parameters and
non-collinear coupling angle were determined by simulations
using the micromagnetic model proposed by Eyrich et al.17.
The model assumes that each Co layer consists ofN sub-layers
that interact via the direct exchange interaction, and the spins
in each Co sub-layer rotate coherently. The coupling is estab-
lished only between the two Co sub-layers adjacent to the Ru,
RuCo, and RuFe coupling layers. The interlayer coupling is
measured in
〈
0001
〉
textured Co|RuCo|Co and Co|RuFe|Co
structures with Co layer thickness t = 2 and 8 nm. The uni-
axial magnetocrystalline anisotropy field of Co layers is along
the
〈
0001
〉
directions, perpendicular to the Co film plane.
The demagnetizing dipolar field in Co films is much larger
than the uniaxial magnetocrystalline anisotropy field forcing
the magnetization to lie in the plane of the film. Due to the
polycrystalline nature of the studied samples, the in-plane
magnetocrystalline anisotropy is averaged. Then in the pres-
ence of an inplane external magnetic field, the anisotropy and
demagnetizations energies can be ignored and the total mag-
netic energy, ETotal, can be written as
ETotal = J1cos(θN − θN+1) + J2cos2(θN − θN+1)
+
2Aex
a
[
N−1∑
i=1
cos(θi − θi+1) +
2N−1∑
i=N+1
cos(θi − θi+1)
]
+MsHa
2N∑
i=1
cos(θi),
(2)
where Aex the exchange stiffness, a is the distance between
atomic planes in Co, N is the number of sublayers in the
ferromagnetic layers, H is the applied external field, and Ms
is the magnetic saturation of the Co layers. To fit the M(H)
curves, Eq.2 is minimized for individual Co sublayers. From
this the total magnetization along the external magnetic field
direction as a function of the field strength is calculated. The
model has three fitting parameters J1, J2, and Aex.
The Aex was shown to vary with the thickness of Co
layers17 from 15.5 × 10−12 J/m for t > 7 nm to 7.3 × 10−12
J/m for t = 2 nm if antiferromagnetic coupling between Co
layers is described with only J1. However, if both J1 and J2
are used to account for the antiferromagnetic coupling, the
change of the Aex with t is smaller, 15.5 × 10−12 J/m for t >
7 nm to 10.5 × 10−12 J/m for t = 2 nm. This indicates cor-
relation between the Aex and J2 parameters in Co films with
t < 7 nm. To account for this correlation, M(H) curves are
fit assuming the highest and lowest values, Aex = 0.9×10−11
and 1.7×10−11 J/m, of Co layers. The J2 error bar accounts
for this uncertainty in Aex values. For this reason the J2 error
bars are larger than those of J1 in Fig.1.
θ can be determined from minimizing the coupling energies
or from the remnant magnetization, i.e., projection of mag-
netization along the applied magnetic field, H, direction at H
= 0. For θ < 45◦, θ is more difficult to measure since the
remnant magnetization is proportional to cos(θ). Thus, the
error bars on θ measurements increase as θ becomes smaller
as is evident form Fig.1c and Fig.1f.
With an increase of J1 and J2 the magnetic field,
Hs, required to saturate the Co magnetic moments of
Co(2)|Ru100−xCox(d)|Co(2) and Co(2)|Ru100−xFex(d)|Co(2)
also increase. Hs of some measured structures approach 7 T,
the magnetic field available in our SQUID magnetometer. In
this case error bars of measured J1 and J2 also increase.
